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ABSTRACT: A tabulation of turbulent boundary layer data obtained 
under conditions of heat and mass transfer at a Mach number of 6.7 
is presented. The report supplements the treatise given in 

ae oa A brief description of the model and test procedure 
s included. 
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Characteristics of the Turbulent Boundary Layer with Heat and Mass 
Transfer: Data Tabulation 


This report presents the measured and deduced data obtained during 
an extensive investigation of hypersonic turbulent boundary layers 
with heat and mass transfer. The work was sponsored by the Bureau 
of Naval Weapons under Task No. RMGA-42-034/212-1/F009-10-001. It 
resulted in a Ph.D. thesis by the author submitted to the Catholic 
University of America. Only summary data were included in the 


thesis, which was also published as NOLTR 64-99. The present report 


was compiled after numerous requests for detailed data from other 
researchers in this field. 


The author wishes to acknowledge the efforts of the Aerophysics 
Division of the U. S. Naval Ordnance Laboratory in preparing the 
material for publication. 


E. F. SCHREITER 
Captain, USN 
Commander 


A a Manne. 
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By direction 
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INTRODUCTION 


NOLTR 64-99 (ref. (1)) summarized an extensive program of 
turbulent boundary layer measurements under conditions of heat and 
mass transfer at a Mach number of 6.7. That report contained soue 
typical velocity and temperature profiles se well as the correlation 
of the boundary layer profiles in terms of a number of paraneters 
related to the heat and mass transfer, etc. In order to make that 
report more generally useful, it has been decided to publish in the 
present report the tabulated boundary layer data obtained during 
the course of that project. 


The experiments were performed in the U. S. Naval Ordnance 
Laboratory's Hypersonic Research Tunnel using a Mach number 6.7 
uniform flow two-dimensional nozzle with an exit area of about 
25 x 25 cm®. The supply pressure and temperature were held con- 
stant during each test at a fixed pressure value between 15 and 
38 atmospheres and at a constant supply temperature of 550°K. The 
control of these gonditions limited the average deviation in nozzle 
temperature to +1°C and in supply pressure to 20.1 atmosphere. 


The boundary layer measurements were made on a porous flat plate 
(see figure 1) which spanned the wind tunnel test section with the 
testing surface in the plane of symmetry of the two-dimensional 
nozzle. The plate had a sharp leading edge (radius of about .015 mm) 
and it had a smooth (about 11 microinches) continuous surface. 
Inserted in the testing surface of the model was a porous plate 
about 49 cm long, 18 cm wide, and 1.0 cm thick. The porous plate 
was made of 316 stainless steel powder sintered into compact 
material with a density of about 43 percent of solid stainless 
steel. Further details are given in the original report. 


In order to make this tabulation of the experimental data 
more useful and cosplete, the instrumentation employed and the 
data reduction techniques are summarised in the following sections. 


INSTRUMENTATION AND DATA REDUCTION 
Pitot Pressure Probes 


The majority of boundary layer Pitot pressure surveys were 
made using circular stainless steel tubing .559 mm in outside 
diameter and with an inlet diameter of .254 mm. A few surveys 
were made using rectangular cross section probes made from crushed 
tubing. Circular probes were preferred because of the greater ease 
act oe their position and orientation with respect to the 
nodel. 
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Pressures were measured with transducers with ranges of 0-1 
atmosphere or 0-300 mmHg. Transducers and recording systens were 
calibrated, before and after each survey, against a mercury 
manometer with +.1 mm measuring accuracy. 


The probes were held in the tunnel by a micrometer-traversing 
mechanism which allowed positioning of the probe with an accuracy 
of .025 mm. Each traverse was made from the free stream toward 
the plate. Wall contact, used to evaluate absolute distances from 
the wall, was indicated by the completion of an electric circuit. 


Pressure Data Reduction 


The NACA tables (ref. (2)) were used to compute the Mach number 
from the measured Pitot pressure and the static pressure which was 
assumed constant ‘across the boundary layer and equal to the measured 
wall static pressure. Wall static pressures wore measured by 
orifices in the porous plate surface through which stainless steel 
tubing (0.635 mm I.D.) was inserted flush with the testing surface. 
An oil manometer was used to measure the static pressure with an 
accuracy of +l percent. 


The surface shear stress was calculated by taking the slope of 
the Mach number distribution at the wall and multiplying this by 
the velocity of sound and viscosity of air evaluated at the measured 
wall temperature. The wall temperature and heat flux were obtained 
from temperature measurements made with iron-constantan thermocouples 
imbedded in the porous material at each test station. Four thermo- 
couples were located at each station at various depths from the 
surface. The thermocouple nearest the surface was 1.27 mm beneath 
the surface. Together with the known location of the others, 
extrapolation of the temperature distribution to a surface value was 
felt to give reliable results. 


Temperature Measurenents 


The equilibrium temperature probe (ref. (3)) was developed to 
measure the boundary layer temperature profiles for these experiments. 
It consists of a 10 degree angle cone of platinum supported by a good 
thermal insulator. The cone is mounted on the traversing mechanism 
with ite axis parallel to the flow direction. A thermocouple 
measured the temperature of the cone which ideally should equal the 
adiabatic wall temperature. Sufficient run time was available in 
the NOL Hypersonic Tunnel to allow the probe to come into thermal 
equilibrium before each measurement was made. A second thermocouple 
in the ceramic insulator allowed the measured cone temperature to be 
corrected for conduction losses. The data were recorded on strip 
ii which made continuous monitoring of the temperatures 
possible. 


Temperature Probe Data Reduction 


A recovery factor for the probe was computed for each survey 
while the probe was in the free stream where the flow and temperature 
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conditions were accurately known. It was assumed that the recovery 
factor remained constant thereafter for that survey. Thus it was 
possible to calculate the local total temperature in the boundary 
layer from the cone adiabatic wall temperature measurement, the 
assumed recovery factor and seasured Mach number. Since temperatures 
were not always measured at the same location as the pressures, an 
interpolation was made between temperature data points to obtain 

the temperatures corresponding to the Mach number data points. 


Heat transfer rates to the model surface were calculated from 
the slope of the total temperature distribution interpolated to the 
surface temperature and the thermal conductivity of air. This pro- 
cedure suppleneats the heat transfer obtained from the temperature 
distribution within the model wail. 


In calculating Stanton numbers, the adiabatic wall temperatures 
are required to ootain the latter for the zero mass transfer cases. 
It was assumed that the recovery factor equals the Prandtl number 
raised to the one third power where wall temperature was used to 
evaluate the Prardtl number. In the mass transfer cases the recovery 
factor ratios (i.e., recovery factor with mass transfer divided by 
the sero mass transfer recovery factor) obtained by Leadon and 
Bartle (ref. (4)) were used. 


TEST CONDITIONS 


Ae indicated earlier, the tests were run using a nominal Mach 
number 6.7 nozzle. However, local Mach numbers at the boundary layez 
edge were somewhat less because of leading edge shock wave losses 
and boundary layer flow field interaction; the latter was a signifi- 
cant effect in the mass transfer cases. The supply temperature was 
held constant at 550°K, while the supply pressure was varied 
between 15 and 38 atmospheres. Thus, the unit Reynolds number 
varied from 8 to 19 x 10° per meter. 


Four locations on the nodel were investigated: 37.78, 42.86, 
47.94, and 53.02 cm from the leading edge. Natural transition was 
believed to have been completed because a local maximum in the wall 
temperature was observed at or before 32.7 cm from the leading edge. 
(Reynolds number - 2.6 x 10°). Three wall temperature ratios Tyas) 
were investigated which had numerical values that averaged to 4.i, 
5.2, and 7.6. The boundary layers were surveyed at zero air injection 
and at three mass transfer rates which were approximately equal to 
0.09, 0.17, and 0.25 percent of free-stream mass flow per unit area 
except in the high supply pressure cases where the maximum injection 
rate was about 0.11 percent of the free-streanm nass flow. 


ARRANGEMENT OF TABLES 


The measured and deduced boundary layer data are presented as 
summary tables containing the detailed profile data. Two summary 
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tables precede each set of profile data obtained for specific test 
conditions, i.e., P,, and T/T, and various values of Cy, as shown 


in the following tabulation. 


Table Po* T_/T,* c* Profile Data 
Ho. ate wT a Table Nos. 
1e2 15 4.1 0 se 3 
9.09 x 10 
17.0 x 1074 through 
25.0 x 10 23 
24 & 25 15 5.2 0 oe 26 
8.77 x 10 
17.3 x 1074 ssrouge 
24.6 x 10 42 
43 & 44 15 7.6 Di 2 Lue 45 
8. 0 
16.2 x 10-4 through 
24.4 x 10 52 
53 & 54 38 7.6 0 _ 55 
3.7 x 10-4 through 
7.25 x 10.4 88 
10.13 x 10 
59 & 60 38 4.1 Oe ats 61 
4.12 x 10 
8.17 x 10-4 through 
12.1 x 10 67 


The values of Por T/T: and C, are average or nominal values for 


these quantities for the purpose of identifying the tables--the 
precise values are listed in the tables for each of the surveys 
carried out. 
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